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In response to UVB-irradiation keratinocytes release
a variety of cytokines and prostaglandins, including
tumor necrosis factor a (TNF-a), interleukin 1a (IL-
1a), interleukin 6 (IL-6), and prostaglandin E2
(PGE2). n-3 Polyunsaturated fatty acids (PUFA),
mainly present in ®sh oil, can modulate cytokine
synthesis, as predominantly studied in macrophages.
In order to investigate the immune modulating
actions of n-3 PUFA on the UVB response in human
skin, we investigated the effect of eicosapentaenoic
acid (EPA), a n-3 PUFA and a precursor of eicosa-
noid biosynthesis, on UVB-modulated TNF-a, IL-
1a, IL-6, and PGE2 expression in normal human ker-
atinocytes (NHK). We show that cultured NHK can
ef®ciently take up EPA. Basal TNF-a expression is
very low in NHK. IL-1a on the contrary is signi®-
cantly present in untreated cultured NHK. Upon
UVB-irradiation (32 mJ per cm2) TNF-a mRNA
expression and secretion is induced and IL-1a
mRNA expression is reduced, although IL-1a secre-
tion is induced. EPA treatment results in higher
TNF-a and IL-1a expression, both in nonirradiated
and UVB-irradiated keratinocytes. Moreover EPA
and UVB appear to act synergistically to superinduce
TNF-a expression. EPA treatment results also in
lipid peroxidation and in decreased PGE2 and IL-6
secretion after UVB-irradiation. In contrast to EPA,
oleic acid (monounsaturated fatty acid) and linoleic
acid (n-6 PUFA) treatment did not result in higher
TNF-a or IL-1a levels in nonirradiated or UVB-
irradiated NHK, indicating that the observed effects
are speci®c for EPA. In conclusion, these results
show that EPA can differentially modulate UVB-
induced cytokine and prostaglandin synthesis in
NHK. Key words: EPA/PUFA/ultraviolet radiation. J
Invest Dermatol 118:692±698, 2002
U
ltraviolet radiation (UVR) is known for its negative
impact on health. The component of the solar UV-
light that reaches the earth's surface and that is most
responsible for acute and long-term effects is UVB
(280±320 nm). Acute effects include erythema,
tanning, and in¯ammatory and immune modulatory changes.
Chronic exposure eventually leads to photoaging and photocarci-
nogenesis (Taylor et al, 1990).
In the search for an effective way to protect skin against these
deleterious effects of UVR, dietary components have been tested
for their photoprotective effects. A dietary component with a
promising photoprotective effect is the n-3 polyunsaturated fatty
acid (PUFA), eicosapentaenoic acid (EPA), mainly present in ®sh
oil and scarce in an average Western diet. A diet rich in ®sh oil has
been shown to protect against photocarcinogenesis in mice (Black
et al, 1992). Dietary ®sh oil supplementation in humans also reduces
UVB-erythemal sensitivity (Rhodes et al, 1994), probably by
reducing UVB-induced prostaglandin E2 (PGE2) levels in the skin
(Rhodes et al, 1995).
The n-3 PUFA are mainly known for their anti-in¯ammatory
effects that are partially due to their competition with n-6 PUFA as
substrates for cyclooxygenase (COX) and lipoxygenase (LOX),
resulting in the formation of less active prostaglandins and
leukotrienes (Lands et al, 1992; James et al, 2000). It has also
been shown that dietary n-3 PUFA decreases synthesis of tumor
necrosis factor a (TNF-a) and IL-1b in mononuclear cells (Endres
et al, 1989; Meydani et al, 1991; Caughey et al, 1996) and that EPA
inhibits the antigen-presenting function of human monocytes
(Hughes and Pinder, 2000). Consistent with these anti-in¯amma-
tory effects, it has been shown that n-3 PUFA can improve some
in¯ammatory diseases, including psoriasis (Mayser et al, 1998) and
rheumatoid arthritis (Kremer, 2000), and can inhibit tumor
formation (de Vries and van Noorden, 1992).
Keratinocytes are the major target of UVR and play a central
role in the in¯ammatory and immune modulatory changes
observed after UV exposure, at least partly via the UV-induced
release of cytokines (IL-1, IL-6, IL-8, IL-10, GM-CSF, TNF-a)
(Takashima and Bergstresser, 1996) and cyclooxygenase products
(PGE2) (Grewe et al, 1993). IL-1a enhances a wide range of T cell
dependent immune responses and stimulates the growth of
®broblasts and keratinocytes (Sauder et al, 1988; Dinarello, 1994).
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TNF-a is a multifunctional cytokine that has an important role in
the pathogenesis of in¯ammation (Bazzoni and Beutler, 1996),
lymphocyte activation (Kinkhabwala et al, 1990), and apoptosis
(Ashkenazi and Dixit, 1998). IL-6 and PGE2 have been implicated
in the sunburn reaction. IL-6 induces fever and the acute phase
response (Urbanski et al, 1990) and stimulates leukocyte in®ltration
in the skin (Sawamura et al, 1998). PGE2 plays a role in
vasodilatation and in the erythemal response of the skin after
solar exposure (Crunkhorn and Willis, 1971; Rhodes et al, 1995).
As n-3 PUFA have been shown to affect cytokine production in
basal conditions and as keratinocyte-derived cytokines are thought
to play an important role in mediating the in¯ammatory and
immune modulatory effects upon UV exposure, we chose to study
the effect of the n-3 PUFA EPA on basal and UV-modulated
production of the cytokines IL-1a, TNF-a, and IL-6 and of PGE2
in human cultured keratinocytes.
MATERIALS AND METHODS
Materials Eicosapentaenoic acid (EPA), oleic acid (OA), linoleic acid
(LA) (all free acids) and bovine serum albumin (BSA, fatty acid free)
were purchased from Sigma-Aldrich (Bornem, Belgium). The fatty acids
were suspended in absolute ethanol and kept at ±20°C under argon to
prevent auto-oxidation.
Cell culture Normal human keratinocytes (NHK) were isolated from
foreskins of young donors (<6 y) as described (Gilchrest, 1983). NHK
were grown in keratinocyte serum free medium supplemented with
bovine pituitary extract and human epidermal growth factor (Life
Technologies Gibco-BRL, Merelbeke, Belgium). For experiments NHK
(passage 4) were seeded at a density of 1 3 106 cells in 100 mm
diameter petri dishes. The day after fresh solutions of the fatty acids
dissolved in BSA (molar ratio 1:1) at a concentration of 50 mM (unless
otherwise indicated) were added to the cells for 24 h. Control conditions
consisted of cells pretreated with identical concentrations of ethanol and
BSA (vehicle-treated cells). Final ethanol concentrations did not exceed
0.1% and did not affect experiments.
Irradiation procedure Three Philips TL20W12 tubes with a peak
output around 310 nm, were used as a UVB source. Before irradiation,
cells were washed with PBS and then irradiated through a thin ®lm of
PBS. Cells were then refed with their own medium immediately after
irradiation. Cells were irradiated with a single sublethal UVB dose (32
mJ per cm2) as measured with an IL 700 A Research Radiometer
(International Light, Newburyport).
Northern blot analysis Total RNA was isolated using the RNeasy
kit from Qiagen (Westburg, Leusden, the Netherlands). Fifteen
micrograms total RNA was fractionated by formaldehyde/agarose gel
electrophoresis, blotted onto a nylon membrane, and ®xed by UV cross-
linking. Prehybridization was performed in 50% formamide, 50 mM Na-
phosphate, 5 3 SSC, 5 3 Denhardt's, 0.5% SDS, 1% glycine, and
denatured herring sperm DNA (250 mg per ml) at 42°C for 3±5 h.
Hybridization was performed in 50% formamide, 20 mM Na-phosphate,
5 3 SSC, 1 3 Denhardt's, 0.5% SDS, 8% Dextransulfate, and denatured
herring sperm (100 mg per ml) at 42°C overnight. cDNA probes were
labeled with a32P-dCTP by the random priming method (oligolabeling
kit; Amersham Pharmacia Biotech, Roosendaal, the Netherlands). Blots
were washed under increasingly stringent conditions (last step in 0.1 3
SSC, 0.2% SDS) and exposed to autoradiography ®lm. Hybridization
signals were quanti®ed using a laser densitometry scanner (Amersham
Pharmacia Biotech). The probes used were derived from the human
TNF-a and IL-1a cDNA (American Type Culture Collection,
Manassas, VA). For normalization of even loading, the blots were
hybridized with the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA probe.
ELISA One hundred microliters per condition was used in TNF-a
ELISA (OptEIA Human TNF-a set; Becton Dickinson Biosciences,
Erembodegem, Belgium), IL-1a ELISA (Duoset ELISA IL-1a; R&D
Systems, Oxon, U.K.), IL-6 ELISA (PeliKine Compact human IL-6
ELISA, Central Laboratory for the Netherlands Red Cross, Amsterdam,
the Netherlands), or competitive PGE2 ELISA (R&D Systems).
Experiments were performed according to manufacturer's protocol.
Conditioned medium was diluted 10 times before use in IL-6 and PGE2
ELISA.
Determination of lipid peroxidation Intracellular levels of lipid
peroxidation (MDA; malondialdehyde) was measured by a previously
described HPLC method (Halliwell and Chirico, 1993). Cell lysates
obtained at 6 h postirradiation were sonicated for 30 min in 0.33 M
H3PO4 in the presence of butylated hydroxytoluene (50 mg per ml).
Samples were then incubated at 96°C during 30 min in the presence of
0.1% (wt/vol) thiobarbituric acid. After cooling down, neutralization by
potassium hydroxide, and centrifugation (1000 3 g, 10 min),
supernatants of the reaction mixture were analyzed using HPLC and
¯uorimetrical detection. MDA levels in cell lysates were expressed as
pmol per mg protein.
Determination of fatty acids Cells were trypsinized and washed
twice with PBS. Cell lysates were stored at ±80°C until measurement.
The method used is a one-step speci®c methylation reaction of fatty
acids, during which fatty acids are hydrolyzed, methylated, and extracted
in one step. To 100 ml of cell lysate in a 10 ml glass tube 15 mg of
nonadecanoic acid (as an internal standard) was added, after which 2 ml
of a mixture of methanol:benzene (4:1, vol/vol) was added. Then,
200 ml of acetyl chloride was slowly added during constant gentle
vortexing. After this, the tube was tightly closed and the mixture was
incubated at 100°C during 1 h. After cooling down, 5 ml of 6% (wt/
vol) potassium carbonate solution in water was carefully added during
vortexing, after which the whole mixture was vigorously vortexed for
5 min. After centrifugation (1000 3 g, 10 min) the upper benzene layer
was isolated, evaporated to dryness, and the residue dissolved in 50 ml of
hexane. In this sample fatty acid methyl esters were analyzed by gas
chromatography using a 25 m 3 0.25 mm (i.d.) CP Sil 88 fused-silica
(0.20 mm) capillary column (Chrompack, Bergen op Zoom, the
Netherlands), with nitrogen as the carrier and a ¯ame ionization detector
(Onkenhout et al, 1995). Fatty acids were expressed as mol% of all fatty
acids measured.
RESULTS
EPA is incorporated in keratinocytes NHK were incubated
for 24 h with different concentrations of EPA, ranging from 1 to
100 mM. Subsequently, incorporation of EPA in the cells was
measured using gas chromatography. EPA percentages in the cells
were induced from 0.1% in untreated cells to 21.8% in NHK
pretreated with 50 mM EPA (Table I). At this EPA dose, levels of
Table I. Presence of various polyunsaturated fatty acids in NHK treated with different concentrations of EPA
Concentration of fatty acids in whole cellsa
EPA pre-
treatment (mM)b
Linoleic acid,
n-6
Arachidonic
acid, n-6
Eicosapentaenoic
acid, n-3
Docosapentaenoic
acid, n-3
Docosahexaenoic
acid, n-3
0 1.5 3.9 0.1 0.7 0.6
1 1.3 3.4 0.4 2.2 0.9
10 1.8 2.7 4.8 11.2 2.9
50 1.5 1.7 21.8 25.5 0.6
100 1.2 1.4 27.2 25.5 0.4
aConcentrations are expressed as mol%, i.e., percentage of total amount of fatty acids in whole cells. Experimental details are described in Materials and Methods.
bNHK were treated as described in Materials and Methods.
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EPA in the cells well exceeded levels of arachidonic acid, which is a
n-6 PUFA and which is also a substrate for eicosanoid biosynthesis.
Also, levels of docosapentaenoic acid, an elongation product of
EPA, were induced in the EPA pretreated NHK, but this fatty acid
is no substrate for eicosanoid biosynthesis. Docosahexaenoic acid,
the desaturated metabolite from docosapentaenoic acid and also
present in ®sh oil, was not increased upon EPA treatment. The
concentration of linoleic acid (n-6 PUFA) was not readily affected
but the concentration of its metabolite arachidonic acid (AA) was
slightly reduced.
EPA treatment results in higher TNF-a expression in sham-
and UVB-irradiated NHK Basal TNF-a mRNA and secreted
protein levels are very low in unstimulated NHK. EPA treatment
of NHK results in a 5-fold induction of TNF-a mRNA (Fig 1)
but TNF-a secretion is not readily affected (1.6-fold; Fig 2).
UVB-irradiation signi®cantly induces TNF-a mRNA after 3 h
(Fig 1) and apparent secretion of TNF-a follows at 5 h
postirradiation (Fig 2). The combination of EPA treatment and
UVB-irradiation results in even higher TNF-a mRNA and
secretion levels. At 5 h postirradiation, TNF-a mRNA shows a
12-fold induction in untreated cells compared with a 22-fold
induction in EPA pretreated cells (Fig 1). TNF-a secretion at this
time point after UVB-irradiation is increased 6-fold and 16-fold in
untreated and EPA pretreated cells, respectively (Fig 2). These
higher induction states of TNF-a mRNA and secretion in EPA
pretreated cells are sustained until 24 h after irradiation, the latest
time point tested. Although TNF-a mRNA levels drop at 24 h
after irradiation, secretion of TNF-a remains elevated in control
and EPA pretreated NHK.
EPA treatment results in higher IL-1a expression in sham-
and UVB-irradiated NHK IL-1a is constitutively expressed
in keratinocytes when cultured in keratinocyte growth medium
without serum. This cytokine together with transforming growth
factor a (TGFa) is involved in an autocrine loop that favors
proliferation. When the cells are grown in high Ca-containing
(1.8 mM) Dulbecco's minimal essential medium, IL-1a expression
is inhibited (Lee et al, 1991). These ®ndings suggest that IL-1a
expression may be restricted to proliferating keratinocytes.
Upon UVB-irradiation (32 mJ per cm2), IL-1a mRNA is
initially induced after 1 h but beyond 1 h mRNA expression is
downregulated and becomes undetectable at 24 h postirradiation
(Fig 1). The secretion of IL-1a follows an opposite course, with
induced IL-1a secretion, 1 h after irradiation (3-fold), followed by
a slight reduction at 7 h postirradiation and a slow increase until 24
h postirradiation (5-fold induction) (Fig 3).
EPA preincubation results in a small induction (1.7-fold) of basal
IL-1a mRNA expression (Fig 1) and secretion (Fig 3). When
Figure 1. EPA treatment results in higher TNF-a and IL-1a
mRNA expression in sham- and UVB-irradiated NHK. (a) NHK
were pretreated with vehicle or EPA and UVB-irradiated as described in
Materials and Methods. Total RNA was isolated at different time points
postirradiation. Northern blotting was performed with hybridization of
32P-labeled probes for TNF-a, IL-1a, and GAPDH. One representative
northern blot is shown. (b) Densitometric quanti®cation of TNF-a and
IL-1a mRNA levels normalized for GAPDH mRNA levels. Data are
relative to control (vehicle; -UVB) which is arbitrarily set at 1.
Figure 2. EPA treatment results in higher TNF-a secretion in
sham- and UVB-irradiated NHK. Medium was collected at various
time points postirradiation from NHK treated in the same way as
depicted in Fig 1. This medium was then analyzed for TNF-a secretion
by means of ELISA. Results are shown as mean 6 SD (n = 2) of one
representative experiment.
Figure 3. EPA treatment results in higher IL-1a secretion in
sham- and UVB-irradiated NHK. Medium was collected in the same
way as depicted in Fig 2. This medium was then analyzed for IL-1a
secretion using ELISA. Results are shown as mean 6 SD (n = 2) of one
representative experiment.
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EPA pretreated keratinocytes are UVB-irradiated the same expres-
sion pattern is observed as in untreated cells, i.e., reduced IL-1a
mRNA and induced secretion, but absolute expression levels after
irradiation are higher in EPA pretreated cells (Figs 1, 3). The IL-
1a response, however, differs from the TNF-a response in EPA
pretreated NHK, because EPA in combination with UVB acts
synergistically to superinduce TNF-a expression, but not IL-1a
expression.
EPA treatment results in lower UVB-induced IL-6 secretion
in NHK In concordance with earlier studies (Kirnbauer et al,
1991) we could observe low levels of IL-6 secretion in
unstimulated keratinocytes but a signi®cant increase in IL-6
release upon UVB-irradiation, starting at 5 h postirradiation and
peaking at 24 h, the latest time point tested. EPA pretreatment of
the NHK resulted in an inhibition of IL-6 secretion that was
already observed at 5 h postirradiation (2.9 fold inhibition) and that
was consistent until 24 h postirradiation (1.6 fold inhibition)
(Fig 4).
EPA treatment results in increased lipid peroxidation in
UVB-irradiated NHK When the fatty acid EPA is
incorporated into the membrane lipids, keratinocytes are more
prone to lipid peroxidation, because of the high number of carbon
double bonds in the EPA fatty acid chain. UVB-irradiation is a
strong inducer of lipid peroxidation. As shown in Fig 5, EPA
pretreatment results in hyper lipid peroxidation levels, which are
further induced after UVB irradiation.
EPA treatment decreases UVB-induced levels of PGE2 in
conditioned medium of NHK NHK in culture produce
signi®cant amounts of PGE2. Endogenous PGE2 is necessary for the
high mitotic activity observed during noncon¯uent keratinocyte
growth (Pentland and Needleman, 1986) and production of PGE2
is increased by epidermal growth factor, also present in our medium
(Miller et al, 1994). EPA pretreatment results in a marked decreased
production of PGE2 in UVB-irradiated NHK, which is most
apparent at 24 h postirradiation, the latest time point tested (Fig 6).
At this time point a 4-fold reduction of PGE2 levels in the medium
of EPA-treated NHK could be observed; however, in unirradiated
keratinocytes PGE2 secretion was induced after EPA treatment.
Effects on TNF-a and IL-1a are speci®c for EPA The
human cell cannot synthesize de novo polyunsaturated fatty acids.
Therefore the two precursors linoleic acid (n-6 PUFA) and a-
linolenic acid (n-3 PUFA) must be supplied by the diet and are
therefore called essential fatty acids. In culture medium, serum is
usually the only source of fatty acids. This implicates that
keratinocytes grown in serum-free keratinocyte growth medium
have signi®cantly decreased numbers of polyunsaturated fatty acids.
In order to verify that the effects seen with EPA are not due to the
added unsaturated fatty acids in general and to distinguish between
n-3 and n-6 PUFA, the effects of LA (n-6 PUFA) and OA
(monounsaturated fatty acid) were investigated. We chose to add
LA instead of arachidonic acid (AA; the n-6 precursor for
eicosanoids) because AA has been shown to have secondary
messenger properties mainly by its induction of protein kinase C
(Khan et al, 1995). In addition it has been demonstrated that
keratinocytes in culture can convert LA to AA by in vitro activation
of the D6 and D5 desaturases (Marcelo and Dunham, 1993). We
performed experiments where AA was used and the effect of AA on
TNF-a mRNA expression was identical to the effect of LA (data
not shown). We demonstrate here that TNF-a and IL-1a mRNA
levels in EPA pretreated cells are signi®cantly higher than in
vehicle, LA, or OA treated cells. We can state that for the expressed
levels of IL-1a and TNF-a mRNA: EPA > vehicle = LA > OA in
sham- and UVB-irradiated cells (Fig 7). Therefore we conclude
that the effects of EPA on TNF-a and IL-1a expression in NHK
are speci®c.
Figure 4. EPA treatment results in inhibition of UVB-induced IL-
6 secretion in NHK. Medium was collected in the same way as
depicted in Fig 2. This medium was diluted 10 times in medium and
then analyzed for IL-6 secretion using ELISA, according to
manufacturer's protocol. Results are shown as mean 6 SD (n = 2) of
one representative experiment.
Figure 5. EPA treatment results in increased lipid peroxidation in
UVB-irradiated NHK. NHK were pretreated for 24 h with vehicle or
EPA and then UVB-irradiated as described in Materials and Methods. Cells
were washed and collected in PBS and then resuspended in 100 ml
MilliQ water 6 h later. Lipid peroxidation products (malondialdehyde;
MDA) were measured as described in Materials and Methods. MDA levels
in cell lysates are expressed as pmol per mg protein.
Figure 6. EPA treatment reduces UVB-induced PGE2 levels in
NHK. Medium was collected in the same way as depicted in Fig 2.
This medium was diluted 10 times in medium and then analyzed for
PGE2 secretion using competitive ELISA. Results are shown as mean 6
SD (n = 2) of one representative experiment.
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DISCUSSION
Our experiments show that EPA treatment of NHK results in
higher basal TNF-a and IL-1a expression (mRNA expression and
protein secretion). After UVB-irradiation absolute TNF-a and IL-
1a levels (mRNA and protein) are higher in EPA pretreated
keratinocytes but a synergistic effect was only seen on TNF-a
mRNA expression and protein secretion. The observed effects
appear to be speci®c for the n-3 PUFA EPA, as treatment with
either oleic acid (OA; monounsaturated fatty acid) or linoleic acid
(LA; n-6 PUFA) did not result in higher TNF-a or IL-1a levels in
sham- or UVB-irradiated NHK. EPA treatment also resulted in
increased lipid peroxidation and decreased UVB-induced IL-6 and
PGE2 levels in conditioned medium of human keratinocytes.
Basal IL-1a expression is relatively high in cultured normal
keratinocytes, consistent with the role of this important cytokine in
proliferation. IL-1a is involved in an autocrine loop and in this way
can promote increased proliferation (Lee et al, 1991). We observed
an inhibition of these relatively high IL-1a mRNA expression
levels when cells were irradiated with a UVB dose of 32 mJ per
cm2, but at the same time IL-1a secretion was signi®cantly
induced, suggesting release or secretion of the cytokine from
intracellular stores (Dinarello, 1994; Kupper and Groves, 1995).
When keratinocytes were treated with EPA the modulation of IL-
1a expression was not altered, i.e., IL-1a mRNA remained
inhibited and secretion remained induced by 32 mJ per cm2 UVB;
however, the absolute expression of IL-1a was higher in EPA
pretreated keratinocytes.
In concordance with previous reports we observed that TNF-a
mRNA expression and secretion is induced after UVB-irradiation
(KoÈck et al, 1990; Leverkus et al, 1998). When the NHK were
pretreated with EPA, basal TNF-a expression was slightly higher
but the combined action of EPA and UVB resulted in a synergistic
effect on steady state TNF-a mRNA levels and secretion.
Fujisawa et al (1997) have demonstrated that in human dermal
®broblasts but also in keratinocytes the combination of UVB and
IL-1a resulted in higher TNF-a production compared with UVB
or IL-1a alone. In a similar fashion the higher basal IL-1a
production in EPA pretreated keratinocytes could play a role in the
higher expression levels of TNF-a after UVB-irradiation, but this
remains to be investigated.
IL-6 is a multifunctional cytokine that is upregulated after UVB-
exposure in human keratinocytes (Kirnbauer et al, 1991). We could
also observe an increase in IL-6 secretion in our keratinocyte model
after UVB irradiation and EPA pretreatment of the NHK resulted
in inhibited IL-6 secretion.
The mechanism by which EPA can speci®cally induce IL-1a and
TNF-a expression and reduce IL-6 release is presently unknown.
One potential mechanism could be that EPA, because of its
polyunsaturated nature, can alter the ¯uidity of the cell membrane,
thereby in¯uencing the activities of membrane-related signaling
proteins and receptors (Lu et al, 1995). A second consequence of
EPA treatment is that, because of the high number of carbon
double bonds in the fatty acid, the membranes are prone to lipid
peroxidation, especially when cells are UVB-irradiated. This is also
observed in our EPA enriched and UVB-irradiated keratinocytes;
however, this hypothesis cannot explain why linoleic acid, which is
also a polyunsaturated fatty acid, does not induce TNF-a and IL-
1a expression. The possible involvement of lipid peroxidation
products in the modulation of TNF-a, IL-1a, and IL-6 can be
veri®ed by addition of radical scavengers and is currently being
investigated. A third potential mechanism is a modi®cation in
eicosanoid production because of the different biochemical nature
of the precursors (n-6 vs n-3 PUFA). Normally release of the n-6
AA from the membrane by phospholipase A2 (PLA2) and
subsequent conversion by the enzymes cyclooxygenase (COX) or
lipoxygenase (LOX) results in the production of prostaglandins of
the 2-series (e.g., PGE2) and leukotrienes of the 4-series (e.g.,
LTB4), respectively. When EPA is available, this n-3 PUFA
competes with the n-6 PUFA AA for the same enzymes COX and
LOX resulting in, respectively, production of prostaglandins of the
3-series (e.g., PGE3) and leukotrienes of the 5-series (e.g., LTB5) at
the cost of production of prostaglandins of the 2-series (e.g., PGE2)
and leukotrienes of the 4-series (e.g., LTB4). Thus EPA can be
considered as a competitive inhibitor of AA conversion to PGE2
and LTB4 (James et al, 2000). As undifferentiated NHK in vitro have
little or no synthetic capacity for leukotrienes (Janssen-Timmen et
al, 1995; Breton et al, 1996), which was further con®rmed in our
experimental conditions (data not shown), we investigated the
production of PGE2 after UVB-irradiation in the EPA pretreated
NHK. We observed a reduction in UVB-induced PGE2 produc-
tion by NHK after EPA enrichment, which is consistent with the
study of Rhodes et al (1994), showing that dietary ®sh oil
supplementation (rich in n-3 PUFA) in humans inhibit UVB-
induced PGE2 levels in the skin, which could explain the reduced
erythemal response observed in this diet group. PGE2 is not only a
major mediator of UVB-induced erythema (Gresham et al, 1996),
but has also been implicated in UVB-induced immunosuppression
of the TH1-response by inducing IL-4 and IL-10, two cytokines
important in the TH2-mediated immune response (Shreedar et al,
1998). Topical and dietary application of EPA in mice protects
against immunosuppression induced by UVB (Moison and
Beijersbergen van Henegouwen, 2001; Moison et al, 2001).
The observation that EPA decreases IL-6 secretion levels also
implicates a bene®cial role for EPA in the reduction of local and
systemic in¯ammatory reactions after UVB-irradiation. IL-6 is
released from keratinocytes upon UVB-exposure and is responsible
for fever, chills, and induction of an acute phase response seen with
Figure 7. Effects on TNF-a and IL-1a mRNA expression are
speci®c for EPA. (a) NHK were treated with vehicle, OA, EPA, or
LA for 24 h. Total RNA was extracted at 5 h postirradiation. Northern
blotting was performed as described in Fig 1. One representative
northern blot is shown. (b) Densitometric quanti®cation of TNF-a and
IL-1a mRNA levels normalized for GAPDH mRNA levels. Data are
relative to control (vehicle; -UVB) which is arbitrarily set at 1.
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severe sunburn reaction (Urbanski et al, 1990). This cytokine is also
an important mediator of B cell growth and differentiation and
enhances immunoglobulin production (Wong and Clark, 1988).
IL-6 production by keratinocytes is increased in patients with
in¯ammatory skin diseases such as psoriasis (Neuner et al, 1991) and
lichen planus (Yamamoto and Osaki, 1995), which strongly
suggests that IL-6 is involved in skin in¯ammation in vivo. Thus
the observed decrease of UVB-induced PGE2 and IL-6 levels after
EPA supplementation may have bene®cial effects.
The effect of EPA on the immune response is complex. EPA
appears to inhibit the sunburn response and immunosuppression,
but increases expression and secretion of TNF-a and IL-1a. TNF-
a is a multifunctional cytokine that has an important role in the
pathogenesis of in¯ammation (Bazzoni and Beutler, 1996) and
lymphocyte activation (Kinkhabwala et al, 1990). IL-1a enhances a
wide range of T cell dependent immune responses, stimulates
chemotaxis of neutrophile and monocytes, and stimulates the
growth of ®broblasts and keratinocytes (Sauder et al, 1988;
Dinarello, 1994; Kondo, 1999). Both IL-1a and TNF-a activate
T cells and stimulate T cell migration. IL-1a increases viability and
function of Langerhans cells (LHC), whereas TNF-a maintains
viability and stimulates migration of LHC (reviewed by Kondo,
1999). Thus, increased levels of these cytokines after EPA treatment
could have pronounced stimulatory effects on cellular immune
function, resulting, for example, in ef®cient removal of damaged
cells. We suggest that EPA differentially modulates the immune
response after UVB by inhibiting systemic effects like sunburn
reaction and immunosuppression and by stimulating local immune
responses, resulting in a more ef®cient removal of damaged cells,
and better immunosurveillance.
The higher TNF-a expression following EPA treatment cannot
only in¯uence the immune response, but also induces apoptosis. It
is known that TNF-a is involved in sunburn cell formation
(apoptotic keratinocytes in skin) after UVB-irradiation (Schwarz et
al, 1995; Zhuang et al, 1999). The induction of TNF-a by EPA
could therefore result in a more ef®cient elimination and removal
of potentially mutated keratinocytes.
In conclusion, we demonstrate for the ®rst time that EPA has in
NHK an important effect on keratinocyte expression of IL-1a,
TNF-a, and IL-6. Furthermore, consistent with in vivo ®ndings we
demonstrate at the same time decreased UVB-induced PGE2 levels
in EPA pretreated NHK. Both cytokines and eicosanoids play an
important role in the immune response and are inevitable
intertwined. EPA supplementation or other strategies to modulate
eicosanoid biosynthesis and expression/secretion of immunemo-
dulating cytokines are promising tools to target the negative effects
of UV-irradiation on human health.
This work was supported by the European Commission (EN54-CT97-0537).
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